Abstract: A new method for generating entangled photons with controllable frequency correlation via spontaneous parametric down-conversion (SPDC) is presented. The method entails initiating counter-propagating SPDC in a single-mode nonlinear waveguide by pumping with a pulsed beam perpendicular to the waveguide. In a typical spontaneous parametric down-conversion (SPDC) experiment, a photon from a monochromatic pump beam decays into two photons (often referred to as signal and idler) via interaction with a nonlinear optical crystal. While the signal and idler may be broadband individually, conservation of energy requires that the sum of their respective frequencies equals the single fRquency of the monochromatic pump. This engenders frequency anticorrelation in the down-converted beams. Aside from the frequency-anti-correlated case, the frequency-correlated and frequency-uncorrelated cases were also investigated theoretically by Campos et al. in 1990 [l]. At that time, neither a method of creating these novel states nor a practical application of the states was known.
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Two developments in quantum mformation theory have renewed interest in these generalized states of frequency correlation. First, quantum information processes requiring the synchronized creation of multiple photon pairs have been devised, such as quanmin teleportation [2] . The requisite temporal control can be achieved by pumping the crystal with a brief pulse. The availability of pump photons of differing frequencies relaxes the strict frequency anticorrelation in the down-converted beams 131. Second, applications such as entanglement-enhanced clock synchronization [4] and one-way auto-compensating quantum cryptography [5] have been introduced that specifically require frequency correlation, as opposed to the usual frequency anti-correlation. Our method for obtaining controllable frequency entanglement entails initiating type-I SPDC (signal and idler identically polarized) in a single-mode nonlinear waveguide by pumping with a pulsed beam perpendicular to the waveguide (see Fig. 1 ). The down-converted photons emerge from opposite ends of the waveguide with a joint spectrum that can be varied from frequency anti-correlated to frequency correlated by adjusting the temporal and spatial characteristics of the pump beam. The primary advantage of this method is that the limiting cases of perfect frequency correlation and perfect frequency anti-correlation can be obtained regardless of the dispersion relation of the waveguide. Thus, we refer to the method as auto-phase-matched. It is well known that the frequency-anticorrelated case is achievable regardless of the dispersion relations in a collinear configuration with a monochromatic pump and a thin bulk crystal; however, the frequency-correlated case has hitherto been associated with a constraint on the dispersion relations (cf. the "group velocity matching" condition introduced in Ref. [3] ). The geometry we propose restores the symmetry between the two cases by ensuring the appropriate phase-matching regardless of the dispersion relation of the waveguide.
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Two beneficial effects are achieved by pumping with a broadband beam perpendicular to the waveguide and arranging for type4 down-conversion. First, the dispersion relation for the pump beam plays no role in the phasematching analysis, since the waveguide ensures phase-matching in the transverse direction. Second, the counterpropagating, identically-polarized signal and idler fields will be phase-matched in the long-crystal limit only if they have equal and opposite propagation vectors, a condition which entails equal frequency. Thus, the bandwidth of the pump determines the allowable range of the sum frequency of the signal and idler, and the longitudinal length of the illuminated portion of the crystal determines the allowable range of the difference frequency.
